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Absorption interferometer based on phase modulation
Miaodi Guo and Xuemei Su∗
Key Lab of Coherent Light, Atomic and Molecular Spectroscopy, Ministry of Education;
and College of Physics, Jilin University, Changchun 130012, China
We propose a scheme in which an arbitrary incidence can be made perfectly reflected/transmitted
if a phase setup is adjusted under a specific condition. We analyze the intracavity field variation as
well as the output field with changing closed-loop phase φ1 of atomic system and relative phase φ2
of input probe beams. And we obtain the condition for perfect transmitter or reflector. By adjusting
two phase setups, the medium absorption and light interference can be controlled so that photon escape
from cavity can be modulated, thus the intensity switching based on phase control can be realized.
Then based on the transmission/reflection analysis, total absorption of this system can be investigated.
Therefore our scheme can be used as an absorption interferometer to explore the optical absorption
in some complicated system. The phase delay dependent on φ1 or φ2 in output light intensity can be
applied in the realization of quantum phase gate and subtle wave filter. And based on this scheme,
we implement the state transfer between perfect transmitter/reflector and non-perfect coherent photon
absorber via relative-phase modulation.
PACS number(s): 42.50.-p, 42.50.Pq, 32.80.Qk, 42.25.Bs
I. INTRODUCTION
Optical interference is a direct evidence for wave theory
of light, based on which many precise instruments and tech-
nologies have been applied, e.g. Michelson interferometer,
Mach-Zehnder interferometer, interferometry and hologra-
phy. With the development of quantum mechanics and cav-
ity quantum electrodynamics (cavity-QED), quantum inter-
ference, which is based on the uncertainty of different tran-
sition channels, is becoming more and more important in the
interactions of light and matter. One famous physical phe-
nomenon is electromagnetically induced transparency (EIT),
which can be controlled by manipulating the intensity or fre-
quency of incident laser or density of matter [1–4]. There-
fore, many researches about light switching based on EIT
have become hot topics [5–10]. When EIT system is with
a closed loop, the phenomenon becomes more interesting,
where EIT shows phase-dependent property [11–15]. That
means EIT effect can be manipulated in a more sophisticated
way. Besides light switch [16], there are some new explo-
rations based on phase-dependent EIT, such as phase-control
spontaneous emission in EIT medium [17], beam splitter [18]
and entanglement between collective fields [19]. By control-
ling the phase shift of input lasers in atomic system, one can
operate the nonadiabatic optical transitions and quantum me-
chanical superposition states [20, 21]. With the aid of Kerr
cross-phase modulation, one can also realize the polarization
selection in EIT medium [22, 23]. Phase shift also plays a
vital role in typical optical interference. When put wave in-
terference together with quantum system, the manipulation of
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optical absorption can reach to a new era [24–26] and the sys-
tem can be operated as a transmitter (reflector) or an absorber
[27].
Here we propose a scheme to manipulate optical intensity
in cavity-QED system via phase control. By using the closed
loop and two coherent incident beams, we can manipulate
the field intensity through the interaction of medium absorp-
tion and wave interference. The intracavity field and output
field can be periodically modulated by relative phase and two
output channels can be operated at the same pace or at fixed
phase delay about relative phase. We make the theoretical
analysis of this cavity-QED system and obtain the solutions
for intracavity and output light field, respectively. We also
explain the principle for our scheme to be acted as an absorp-
tion interferometer and an optical switching based on phase
modulation in Sec. II. The detailed theoretical simulated re-
sults are presented in Sec. III. At last, we make a simple
summary in Sec. IV.
II. THEORETICAL ANALYSIS
The scheme proposed here is depicted as in Fig. 1(a).
Two control lasers and a THz wave enter into a cavity with
relative phase φ1 due to the closed loop as shown in Fig.
1(b). Those two control lasers drive the atomic transitions
|2〉→ |3〉, |2〉→ |4〉 with frequency detuning ∆1 = ω1c−ω32
and ∆2 = ω2c−ω42. The THz wave as a third control laser
couples atomic levels |3〉 and |4〉 with a frequency detuning
∆t = ωt −ω43. A probe laser (ωp), which has a frequency
detuning ∆c = ωp−ωc from cavity mode (ωc), is split by a
beam splitter (BS). The two split beams αin,l and αin,r are in-
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Fig. 1. (color online) (a) The theoretical scheme and (b) the
four-level atomic level structure of 87Rb.
jected into the opposite sides of the cavity through two beam
splitters. With phase control device, a relative phase φ2 exists
between αin,l and αin,r. Two detectors are applied to receive
the output signal from right and left cavity mirror. The atomic
levels |1〉, |2〉, |3〉 and |4〉 as shown in Fig. 1(b) correspond
to 5S1/2 F = 1, 5S1/2 F = 2, 5P1/2 F = 1 and 5P3/2 F = 3
of 87Rb, respectively. ∆ac = ωc −ω31 is frequency detun-
ing of cavity mode and atomic transition |1〉 → |3〉. g√N
is the collective coupling coefficient of cavity-QED system.
Ω1(ω1c), Ω2(ω2c) and Ωt(ωt) are Rabi frequency (angular
frequency) of control laser 1, control laser 2 and THz wave.
ω31, ω32, ω42 and ω43 are angular frequency of correspond-
ing atomic level spacing. Usually the optical switch is real-
ized based on intensity control of control lasers, here we in-
troduce the phase-control setups to manipulate the intracavity
field or output signal.
Under rotating wave approximation, the Hamiltonian
based on this scheme is as following,
H=−h¯∆ca†a−h¯
N
∑
j=1
[(∆p−∆1)σ j22+(∆p−∆1+∆2−∆t)σ j33
+(∆p−∆1+∆2)σ j44]−h¯
N
∑
j=1
(ga†σ j13e
iφ2+Ω1σ
j
23e
iϕ1
+Ω2σ
j
24e
iϕ2+Ωtσ
j
34e
iϕt )+H.C.,
(1)
where ∆p = ωp −ω31 is frequency detuning of probe laser
and atomic transition |1〉 → |3〉, g = µ13
√
ωc/2h¯ε0V is
cavity-QED coupling coefficient, a†(a) is the creation (an-
nihilation) operator of cavity photons, σ
j
mn = |m〉〈n| (m,n =
1,2,3,4) is atomic operator, φ2 is the relative phase of two
split probe lasers, ϕ1, ϕ2 and ϕt are phases of control laser 1,
control laser 2 and THz wave, respectively.
For simplicity, we consider a symmetric Fabry-Perot cav-
ity with field loss rate κl (κr) from left (right) cavity mir-
ror, κi = Ti/2τ , where Ti is the mirror transmission and
τ is the photon round-trip time inside the cavity. Before
proceeding further, we need to make some approximations,
〈a〉 = α (〈a†〉 = α∗) and 〈ain,l〉 = α lin (〈ain,r〉 = αrin) are ex-
pectation values for the operator of intracavity field and in-
cident light from left (right) mirror, respectively [28]. And
we have ρmm = 〈σmm〉, ρ12 = 〈σ12〉ei(φ2−ϕ1), ρ13 = 〈σ13〉eiφ2 ,
ρ14 = 〈σ14〉ei(φ2−ϕ1+ϕ2), ρ23 = 〈σ23〉eiϕ1 , ρ24 = 〈σ24〉eiϕ2 and
ρ34 = 〈σ34〉eiϕt for atoms. To explore how two phase-control
setups affect the transmission or reflection, we need to solve
the following equations of motion for density operator ρ and
intracavity light operator a.
ρ˙11= ig(α
∗ρ13−αρ31)+Γ3
2
ρ33+
Γ4
2
ρ44,
ρ˙12=[i(∆p−∆1)−γ12]ρ12−igαρ32+iΩ1ρ13+iΩ2ρ14,
ρ˙13=[i(∆p−∆1+∆2−∆t)−γ13]ρ13+igα(ρ11−ρ33)
+iΩ1ρ12+iΩtρ14e
iφ1 ,
ρ˙14=[i(∆p−∆1+∆2)−γ14]ρ14−igαρ34e−iφ1+iΩ2ρ12
+iΩtρ13e
−iφ1 ,
ρ˙22= iΩ1(ρ23−ρ32)+iΩ2(ρ24−ρ42)+Γ3
2
ρ33+
Γ4
2
ρ44,
ρ˙23=[i(∆2−∆t)−γ23]ρ23+igαρ21+iΩ1(ρ22−ρ33)
−iΩ2ρ43eiφ1+iΩtρ24eiφ1 ,
ρ˙24=(i∆2−γ24)ρ24−iΩ1ρ34e−iφ1+iΩ2(ρ22−ρ44)
+iΩtρ23e
−iφ1 ,
ρ˙33= ig(αρ31−α∗ρ13)+iΩ1(ρ32−ρ23)+iΩt(ρ34−ρ43)
−Γ3ρ33,
ρ˙34=(i∆t−γ34)ρ34−igα∗ρ14eiφ1−iΩ1ρ24eiφ1+iΩ2ρ32eiφ1
+iΩt(ρ33−ρ44),
ρ˙44= iΩ2(ρ42−ρ24)+iΩt(ρ43−ρ34)−Γ4ρ44,
α˙ = i∆cα+igNρ13−(κl+κr)α+
√
2κl/τα
l
in+
√
2κr/τα
r
in.
(2)
Here φ1 = ϕ1−ϕ2 +ϕt represents the relative phase of two
control lasers and THz wave induced by the closed loop,
Γ3 = Γ4 = Γ is the natural decay rate of excited states |3〉
and |4〉, γ12, much smaller than Γ3 or Γ4, is the decoherence
rate between ground states |1〉 and |2〉, γ14 = γ23 = γ24 = Γ
stands for the decay rates between corresponding atomic lev-
els and γ34 =
√
Γ3Γ4 = Γ describes the coupling rate of states
|3〉 and |4〉 [29].
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By solving abovemotion equations under steady-state con-
dition, the intracavity field amplitude can be derived as,
α =
√
2κl/τ α
l
in +
√
2κr/τ α
r
in
(κl +κr)− i∆c− iχ
, (3)
where
χ =
g2N(Ω22−A∗B)
2Ω1Ω2Ωt cosφ1−A∗Ω2t −B∗Ω21−C∗Ω22+A∗B∗C
is the susceptibility of atomic medium and A = ∆p −∆1 +
iγ12, B = (∆p −∆1+∆2)+ iΓ4, C = (∆p −∆1+∆2−∆t)+
iΓ3. According to input-output relations [30],
aout,l + ain,l =
√
2κlτ a,
aout,r + ain,r =
√
2κrτ a,
(4)
the analytical solutions for intracavity light field and output
light field through right and left mirror are,
Ic = Iin| κ(1+ e
iφ2)
κ − i∆c− iχ |
2,
Irout = Iin|
κ(1+ eiφ2)
κ − i∆c− iχ − 1|
2,
Ilout = Iin|
κ(1+ e−iφ2)
κ − i∆c− iχ − 1|
2.
(5)
Here we set κl = κr = κ/2, α
l
in = |αin|eiϕl and αrin = |αin|eiϕr ,
φ2 =ϕl−ϕr is the relative phase of two incident probe beams,
Iin is the input field intensity and Ic, I
r
out (I
l
out) are field in-
tensity of intracavity light and output light from right (left)
mirror, respectively. In this cavity-QED system, the output
light intensity can be manipulated by intensity or frequency
of control lasers, but in this paper, we focus on the optical
switching based on phase modulation. As indicated in Eqs.
(5), by varying the closed-loop phase φ1 existed in χ we can
control medium absorption at different frequency and also we
can modulate the output intensity via optical interference in-
duced by the relative phase φ2 between two incident probe
lasers α lin and α
r
in. In brief, when medium absorption is de-
cided, we can manipulate the total optical absorption of this
system by means of wave interference. In this sense, the out-
put spectra is also an interference fringe of absorption in this
scheme.
III. SIMULATED RESULTS
We consider our system at the threshold of the strong
collective-coupling regime (g2N = κ Γ) and assume that cav-
ity mode is tuned to the atomic resonance ∆ac = 0 (i.e. ∆c =
∆p). Then we can obtain the output spectra under resonance
condition ∆1 = ∆2 = ∆t = 0 as in Fig. 2. The parameters used
here are g
√
N = Γ, Ω1 = Ω2 = Ωt = Γ, κ = Γ, γ12 = 0.001Γ.
Fig. 2(a) shows the output field intensity from right mirror
Irout varying with changing relative phase φ2, for which the
reason is that the reflection from right beam interferes de-
structively or constructively with the transmission from left
beam at the interface of right mirror for different φ2. Due to
the frequency-dependence absorption in medium, the output
field intensity varies with ∆p for the same φ2. In Fig. 2(b), the
output spectrum is symmetrical about φ1 = pi , which is based
on the similar principle with Ref. [15]. And it is easy to be
predicted from the susceptibility of atomic medium. Here the
output intensity is controlled by operating either the setup of
phase control φ1 or the phase control φ2. Different from tra-
ditional methods, we would like to explore what the situation
will be if both φ1 and φ2 are applied to manipulate output light
field. With the phase-control setup of φ1, the medium absorp-
tion can be modulated. Via phase-control setup of φ2, the
photon escape from cavity can be manipulated through the
optical interference at the interface of cavity mirror. There-
fore, combining the controlling of medium properties with
optical interference, we will focus on total phase control of
output spectra in the following.
Fig. 2. (color online) Contour plots of Irout as function of
frequency detuning ∆p and (a) relative phase φ2, (b) closed-
loop phase φ1. The parameters are (a) φ1 = 0 and (b) φ2 = 0.
Here we choose three representative frequency ∆p = −Γ,
∆p = 0 and ∆p =Γ to analyze the phase control of output field
intensity. We show the contour plots of output field intensity
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Irout versus φ1 and φ2 in Fig. 3. They present the symmetry
about φ1 same with that shown in Fig. 2(b) for all three fre-
quency detuning. While the situation for φ2 → 0∼ pi is very
different from that for φ2 → pi ∼ 2pi , it shows the optical in-
terference relevant to frequency mode. When it is at negative
probe-frequency detuning as in Fig. 3(a), the photon-escape
enhancement appears at φ2 → pi ∼ 2pi . Different absorption
causes the output intensity reducing with changing φ1 from 0
to pi or from 2pi to pi . When the probe frequency is resonant
with atomic transition |1〉→ |3〉 (Fig. 3(b)), the enhancement
of output intensity disappears and the max output intensity
appears when φ2 is near pi . That is because the closer to pi for
φ2, the closer to 0 for intacavity field intensity as indicated in
Eq. (5), namely φ2 = pi is the condition for perfect transmit-
ter/reflector. According to Fig. 2(b), it is easy to understand
why the max output intensity for ∆p = 0 is at φ1 ≈ 0, pi and
2pi respectively. While for positive probe-frequency detuning
as in Fig. 3(c), the output enhancement is generated as chang-
ing φ2 from 0 to pi and the enhancement is weakening with
changing φ1 from pi to 0 or 2pi which is opposite to Fig. 3(a).
For φ2 varying from 0 to 2pi , Fig. 3 presents remarkable sign
of optical interference and the interference fringes become
more similar with general fringes when the probe frequency
is under non-resonant case. The nonuniform intensity distri-
bution of interference fringes is due to the nonlinear absorp-
tion and multiple diffraction of input light and transmission
(reflection) [25, 31].
Since the output spectra are always symmetrical about
φ1 = pi with modifying relative phase φ2 no matter what the
probe frequency is, we set closed-loop phase setup to make
φ1 = 0, pi/2, pi in turn, then we analyze the intracavity light
field, the total output intensity, the output light field from
right and left mirror for frequency resonance and detuning
far from resonance. Here we present the result for φ1 = pi/2
in consideration that the variation tendency for φ1 = 0 and
φ1 = pi are similar with that for φ1 = pi/2 except one phe-
nomenon that Irout = I
l
out for whole range of φ2 (0→ 2pi) at
∆p = 0 as shown in Fig. 4(a). The situation for negative
frequency detuning is not presented here, because the only
difference is that the output field from right (left) mirror for
negative frequency detuning has fixed phase delay with the
situation at positive frequency detuning.
In Fig. 4, when φ2 = pi , in which the perfect transmit-
ter/reflector condition is satisfied, intracavity light intensity is
always zero, the output field intensity from right mirror is the
same with that from left and total output intensity ratio is al-
ways in the maximum value 2, which manifest the frequency
independence as well as medium irrelevance of field inten-
sity for φ2 = pi . In Fig. 4(a), when φ2 = 0 (2pi) the incident
probe photon is nearly all trapped in the cavity. The cavity
is with fixed lossy rate from two sides and the perfect photon
trapping condition [26] is not met in this scheme, as a result,
there are tiny output light from two cavity mirrors at probe
frequency resonance. When increasing the frequency detun-
ing ∆p, the total output intensity becomes lower sensitive to
the variation of φ2 and the phase delay between I
r
out and I
l
out
is visible. When ∆p is up to 4Γ, the total output intensity is
almost insensitive to the modulation of φ2 and the output in-
tensity from two cavity mirrors exist a pi delay dependent on
φ2. Fig. 4 shows the property of wave interference relevant
to medium absorption in this scheme. That’s why our scheme
may be acted as an absorption interferometer. It can also be
used to realize state transfer between two output channels via
phase modulation of φ2. Moreover the manipulation of field
intensity based on frequency detuning makes this scheme a
subtle frequency filter via phase control.
If probe laser is tuned at resonance (∆p = 0), the output
intensity variation with closed-loop phase φ1 is very distinct
among φ2 = 0, pi/2 and pi as in Fig. 5. The output inten-
sity Irout and I
l
out can not be distinguished from each other
with changing closed-loop phase φ1 when relative phase φ2
is even order of pi/2 (e.g. φ2 = 0 in Fig. 5(a) and φ2 = pi in
Fig. 5(c)). This phenomenon also happens when probe laser
is not at resonance. Only when φ2 is non-even order of pi/2,
the complex amplitude will carry different phase information
for output field through right and left mirror, and the inten-
sity of output light through right mirror is separated from that
through left mirror by a pi phase delay. Here we show one
special value φ2 = pi/2 in Fig. 5(b). By increasing φ2 from 0
to pi , Fig. 5 shows that the photon escape from cavity is en-
hanced at probe frequency resonance. The light intensity is
periodic modulated by φ1 before φ2 = pi . When φ2 = 0 (Fig.
5(a)), the output intensity is at minimumvalue due to destruc-
tive interference, and it can be modulated by φ1 based on this
special atomic system where the medium absorption can be
manipulated by the closed-loop phase. When φ2 = pi (Fig.
5(c)), optical interference plays the main role and the com-
pletely constructive interference in this mode at the interface
of cavity mirrors makes the output intensity maximum and
the intracavity field equal to zero. It shows a perfect trans-
mitter/reflector with closed-loop-phase insensitivity. There-
fore our scheme can be applied to fulfill a switching between
coherent photon absorber (CPA) and a perfect photon trans-
mitter or reflector based on phase modulation.
IV. CONCLUSIONS
In conclusion, we have analyzed the optical field intensity
at the threshold of strong collective-coupling regime in the
four-level atom-cavity system here. Due to the closed loop,
there will be a relative phase φ1 between three control lasers
in susceptibility of atomic medium, thus we can manipulate
the intracavity and output field intensity by controlling the
medium absorption via φ1. Since we use two coherent in-
put beams with relative phase φ2, the analytical solutions for
both intracavity and output field will contain two phase fac-
tors φ1 and φ2. Therefore, besides the absorption controlling
by closed-loop phase φ1, the optical interference dependent
on relative phase φ2 can be applied to manipulate the field
intensity.
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Fig. 3. (color online) Contour plots of Irout as function of closed-loop phase φ1 and relative phase φ2 for three representative
frequency detuning (a) ∆p =−Γ, (b) ∆p = 0 and (c) ∆p =Γ. The parameters here are g
√
N =Ω1 =Ω2 =Ωt =Γ, γ12 = 0.001Γ.
Fig. 4. (color online) Field intensity ratio versus incident relative phase φ2 for intracavity field (Ic/Iin), output field from right
or left mirror (Irout/Iin or I
l
out/Iin) and total output field (It/Iin) . The parameters are φ1 = pi/2 and (a) ∆p = 0, (b) ∆p = 2Γ, (c)
∆p = 4Γ. The other parameters are the same as in Fig. 3.
Fig. 5. (color online) With probe frequency tuned with atomic transition |1〉 → |3〉 (∆p = 0), the field intensity ratio versus
closed-loop phase φ1 for (a) φ2 = 0, (b) φ2 = pi/2 and (c) φ2 = pi . The other parameters here are the same as in Fig. 3.
Via the contour plots versus φ1 and φ2, we analyze the in-
teraction of medium absorption and wave interference, and
we make a propose about absorption interferometer based on
phase modulation. We derive the perfect transmitter/reflector
condition, then we realize the operation of switching between
perfect transmitter/reflector and non-perfect CPA theoreti-
cally. And the phase delay about φ2 between I
r
out and I
l
out
provides us a way to fulfill frequency filtering. By controlling
closed-loop phase φ1, the intracavity field can be modulated
periodically. Therefore the scheme proposed here can be ap-
plied to operate light field more delicately in cavity-QED sys-
tem.
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